We analyzed the potential of pmoA amplicon pyrosequencing compared to that of Sanger sequencing with paddy soils as a model environment. We defined operational taxonomic unit (OTU) cutoff values of 7% and 18%, reflecting methanotrophic species and major phylogenetic pmoA lineages, respectively. Major lineages were already well covered by clone libraries; nevertheless, pyrosequencing provided a higher level of diversity at the species level.
Next-generation sequencing technologies such as pyrosequencing have revolutionized the field of microbial ecology by enabling a hitherto unprecedented sampling depth. This technology was successfully applied for examining archaeal and bacterial 16S rRNA gene diversity in various environments (e.g., references 2 and 12). Nevertheless, the pyrosequencing technology also has its limitations. Problems occur in particular during sequencing of homopolymeric stretches. The length of homopolymers is inferred from light signal intensities, a procedure which is prone to errors. As a consequence, insertions or deletions of nucleotides (indels) represent the most frequent error modality (25) , and sequence diversity is artificially enlarged in raw sequences. Different algorithms were developed to correct for this bias (14, 21) . However, uncertainties remain for distinguishing between true and artificial indels.
In this work, we sequenced a protein-encoding gene-the pmoA gene-using pyrosequencing (GS FLX, titanium chemistry; Roche). Sequence analysis of protein-encoding genes has the great advantage that indels can be easily detected. They result in reading frameshifts that are directly evident in the amino acid alignment.
The pmoA gene, encoding a subunit of the particulate methane monooxygenase (pMMO), was shown to be an excellent phylogenetic marker for methanotrophs (9) . This functional guild of bacteria provides a key function in the global carbon cycle by attenuating potential methane emissions to the atmosphere or even acting as a sink for atmospheric methane (24) . Based on their phylogeny, aerobic methanotrophs can be divided into types Ia and Ib (both gammaproteobacteria) and type II (alphaproteobacteria) (24) . Verrucomicrobial methanotrophs discovered recently seem to be restricted to extreme environments (20) .
In rice paddies, aerobic methanotrophs have been studied for decades, resulting in substantial knowledge of their biodiversity, spatial heterogeneity, and biogeography (e.g., references 16 and 19). Paddy soil methanotrophs were shown to be phylogenetically diverse, but so far, this diversity seemed to be tractable. Thus, they provide an excellent model community to evaluate the performance and potential of pyrosequencing.
In this study, amplicons were generated using the two primer sets providing the widest coverage of the known pmoA diversity (A189f/mb661r, A189f/A682r) (6, 13) . We chose the soil of an Italian (Vercelli) and two Chinese (Cixi, Zhejiang Province) rice fields. The Chinese soils developed after diking and cultivation with rice for different time periods (50 years [young soil] and 2,000 years [old soil]) (5). Total DNA was extracted from 0.3 g freeze-dried soil using the Fast DNA spin kit for soil (MP Biomedicals) followed by PCR amplification as described before (19) . Only sequences with read lengths above 400 bp were considered for further analysis: 3,511 reads obtained from the Italian soil, 5,234 reads from the young Chinese soil, and 3,591 reads from the old Chinese soil. Approximately 40% of these sequences contained obvious reading frameshifts (see Fig. S1 in the supplemental material) and were subsequently excluded. This demonstrates the high rate of indels that occur during sequencing and would have not been identified when comparing 16S rRNA gene sequences. Furthermore, sequencing errors were distributed asymmetrically, as some reads were not affected whereas other reads contained multiple indels. Hence, individual reads may be prone to error rates much higher than the 5% assumed so far (3) . Such errors may strongly bias subsequent operational taxonomic unit (OTU) clustering.
For the remaining sequence reads, distance matrices were calculated based on the amino acid alignment using the ARB software package (18) . The sequences were assigned to OTUs using the average linkage algorithm implemented in the program mothur (ver. 1.13.0) (23), based on two different distance levels. The PmoA distance of 7% was shown to correspond to the 3% 16S rRNA distance level (8) , thus representing an indication for a methanotroph species. In addition, we searched for an OTU cutoff value that would reflect the major pmoA lineages formed by phylogenetic tree construction (Fig.  1 ). These lineages were determined based on a database containing more than 5,000 pmoA and related sequences. Five percent of the database consists of homologous amoA sequences encoding a subunit of the ammonia monooxygenase. Neighbor-joining trees were calculated, including various sub- . Tree topologies were compared and analyzed for lineages that revealed a stable clustering in all trees. The neighbor-joining trees were furthermore compared with the topology of maximum-likelihood trees. Most major pmoA lineages were monophyletic in all tree constructions. However, some lineages within type I methanotrophs divided into nonmonophyletic subclusters (Fig. S2) , suggesting that larger subsets within the type I phylogeny might form a "bush"-like continuum after further extensive sampling. Nevertheless, most of the pmoA lineages shown in Fig. 1 were stable, providing a solid taxonomic basis for studying methanotrophs, at least in environments such as paddy fields where Methylocella (7) and Methyloferula (29) are not dominant. These genera possess only a soluble methane monooxygenase (sMMO) and not the pMMO.
Besides reflecting methanotroph evolution, many of the pmoA lineages describe environmental distribution patterns. For instance, several lineages consist entirely of sequences recovered from marine or saline environments (Methylomicrobium japanense-like, lineages deep sea-1 to -5) (e.g., 17, 27) . Furthermore, sequences clustering within the upland soil cluster (USC)-␣, USC-␥, JR-2, and JR-3 were nearly exclusively retrieved from upland soils consuming methane at atmospheric concentration. In addition, the main lineages within type Ib methanotrophs (lineages freshwater sediment-1 and -2) are highly dominated by rice paddy and freshwater lake sequences.
To find an OTU cutoff value that reflects the phylogenetic clustering in Fig. 1 , sequences retrieved by pyrosequencing were first assigned to pmoA lineages based on phylogenetic tree construction in ARB. Then, these sequences were clustered into OTUs based on different distance levels using mothur. The results were compared using the Rand index (see Table S1 in the supplemental material). This index, ranging from 0 to 1, provides a measure of similarity between two data clustering methods, in which 0 means no similarity and 1 means identical clustering of the two methods (22) . The OTU cutoff value of 18% amino acid sequence distance resulted in a nearly identical number of clusters and a Rand index of 0.99. Thus, these results are highly comparable to the pmoA lineages obtained by phylogenetic tree construction.
Comparison of the overall methanotroph communities in the three analyzed paddy soils revealed similar patterns (Fig.  1) . All soils were characterized by a high diversity of members of type Ib, such as lineage freshwater sediment 2 and the rice paddy cluster 1 (RPC-1) (19) within lineage freshwater sediment 1. Besides type Ib, a high abundance of type II methanotrophs (Methylocystis and Methylosinus-like) could be detected. In contrast, the diversity within type Ia was primarily restricted to two genera: Methylomonas and Methylosarcina. Furthermore, pyrosequencing revealed a high number of sequences grouping between the pmoA gene of methanotrophs and the amoA gene of ammonia oxidizers. One of these clusters was previously referred to as pxmA, as the physiological function of the encoded protein is still unknown (28) . Here, we use pxmA for all clusters between amoA and pmoA with uncertain substrate specificity. Remarkably, despite the great sequencing effort, no sequences belonging to the upland soil clusters (e.g., USC-␣ and USC-␥) were recovered, indicating that these potentially high-affinity methanotrophs (10) indeed play no role in irrigated paddy fields. This observation might seem trivial; however, the paddy soils are not flooded permanently but are aerated during winter season. Furthermore, high-and lowaffinity kinetics for methane oxidation were measured in Italian paddy soils (4). Rain-fed rice fields have even been shown to act as a net sink for atmospheric methane when not flooded (26) . Thus, in seasonally flooded paddy fields, type II methanotrophs harboring a second pMMO isoenzyme with a high affinity to methane (1) might be responsible for this process. Indeed, we found a significant number of pmoA2 sequences encoding a subunit of this isoenzyme (Fig. 1) .
Shannon indices calculated for the pyrosequencing data set at 7% and 18% amino acid distance level revealed higher ␣ diversity of methanotrophs within the Chinese soils (Table 1) . However, ␤ diversity between the Italian and the old Chinese soil-including shared OTU richness and abundance (BrayCurtis indices)-revealed values nearly as high as the ␤-diversity values between the two Chinese soils ( Table 1 ). The Italian paddy soil also has a long history, having been cultivated for lineage comprises additionally the closely related genus Methylosoma. Lineages lacking isolates are named according to representative clones or to the environment in which they were predominantly or initially found (RPC, rice paddy cluster; JRC, Japanese rice cluster; TUSC, tropical upland soil cluster; USC, upland soil cluster; JR, Jasper Ridge, California; MOB, methane-oxidizing bacteria; AOB, ammonia-oxidizing bacteria). GenBank accession numbers of representative clones are given in parentheses. The lineages RPC-2 and deep sea-4 are clustering within either type Ia or type Ib, depending on subset or treeing method. Colored squares next to pmoA lineages represent the paddy soils from which sequences were retrieved using pyrosequencing: red, Italian paddy soil; blue, young Chinese paddy soil; yellow, old Chinese paddy soil. The scale bar represents 0.1 changes per amino acid position. a Shannon and Bray-Curtis indices were calculated for the pyrosequencing data set based on OTU definition of 7% and 18% Kimura-corrected amino acid sequence distances using mothur. Distance matrices were computed based on 136 deduced amino acid positions using ARB, and clustering was performed using the average neighbor algorithm implemented in mothur. If clustering on a specified distance level was not possible, the next lower distance level was chosen.
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pmoA AMPLICON PYROSEQUENCING FOR DIVERSITY STUDIES 6307 over a century (19) . Thus, a specific paddy soil-adapted methanotroph community might develop over centuries. We compared the diversity coverage of the pyrosequencing data set with the sequence diversity of traditional clone libraries obtained in previous studies (19; A. Ho, C. Lüke, Z. Cao, and P. Frenzel, submitted for publication) (see Fig. S3 in the supplemental material). At a 7% cutoff distance, rarefaction curves show a steep slope and the observed number of OTUs in the pyrosequencing data set is larger than the OTU number obtained by cloning. Nevertheless, at an 18% cutoff distance, the number of OTUs retrieved by pyrosequencing is similar to the OTU numbers retrieved by cloning and rarefaction curves show only a minor increase. Sanger and pyrosequencing data sets share most OTUs at this distance level (Table 2) . Thus, with increasing sampling efforts from approximately 120 to over 2,000 sequences, only a few additional pmoA lineages were detected. The Chao1 richness estimator confirms this trend (Table 2 ). Only one sequence formed a novel lineage clustering between pmoA and amoA (Fig. 1) . The other additionally detected lineages all comprised known diversity, almost entirely type Ib and pxmA. Together with the Methylosinus-Methylocystis lineage (type II), type Ib represents the main fraction of methanotrophs in paddy fields. The latter group itself is highly diverse, consisting of eight major pmoA lineages (Fig. 1) . With the exception of Methylothermus, all of these type Ib lineages are present in paddy soils. Thus, the increased sampling effort did not unravel new lineages but, instead, resulted in an increased diversity within the dominant group.
Within the pxmA sequences clustering between pmoA and amoA, several lineages (type Ia pxmA-like, RA21, putative ethane monooxygenases, Verrucomicrobia) contain sequences retrieved with primer sets different from those applied in our study (28; C. L. Chen, Z. Chen, X. Wang, H. Z. Yuan, H. L. Qin, M. N. Wu, and W. X. Wei, unpublished data: accession numbers FJ210305 and FJ210327), or represent complete coding sequences retrieved from isolates (11; T. Nakamura, T. Hoaki, S. Hanada, A. Maruyama, Y. Kamagata, and H. Fuse, unpublished data: accession numbers AB453960 and AB453961). They provide longer sequence reads than the remaining pmoA amplicons. In fact, these sequences contain up to four mismatches (RA21), six mismatches (type I MOB pxmA-like cluster), or even up to eight mismatches (putative ethane monooxygenases, Verrucomicrobia) to the A682r reverse primer used in our study. Thus, many of these pxmA sequences might have been missed before due to primer bias but could be recovered by deep sequencing.
We found that more than 40% of all reads included at least one insertion or deletion resulting in reading frameshifts in the amino acid alignment. These errors would not have been detected in sequence analysis of 16S rRNA gene amplicons. Thus, for microbial guilds catalyzing well-defined functions, such as methanotrophs, protein-encoding genes should be the target of choice for pyrosequencing analyses.
Excluding inaccurate reads, the detected diversity was virtually covered by the already existing pmoA database. Rice paddies are a well-studied habitat for methanotrophs, similarly to freshwater and marine environments, and the majority of pmoA sequences available in public databases were retrieved from rice paddies. The fact that deep sequencing does not result in a significant number of new phylotypes confirms that methanotrophic key players in these paddy fields may have already been identified and strengthens the value of methanotroph ecology studies performed in the past. Nevertheless, pyrosequencing of pmoA amplicons has great potential for exploring new habitats. Furthermore, recovered diversity is always restricted by the primers used in PCR amplification. The only new pmoA lineage found in this study (I14INRXW; Fig. 1 ) clusters phylogenetically within pxmA lineages where traditional primers possess mismatches to existing sequences. Thus, for pmoA diversity studies, a great potential of deep sequencing might be the recovery of new diversity beyond the borders of the traditional primer sets.
Nucleotide sequence accession numbers. Nucleotide sequences found in this study were deposited at the EMBL Sequence Read Archive (SAR) under the study accession number ERP000779 (http://www.ebi.ac.uk/ena/data/view/ERP000779).
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